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⎩ br(k) , ha γ = 1b†r(−k) , ha γ = −1 . *+-	
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D++(k, τ) = 2
[
D0++0(k, τ) + D
0+
0−(k, τ)





D+−(k, τ) = 2
[
D0+0+(k, τ) + D
0+
−0(k, τ)
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D+00+(k, τ) + D
+0
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, −Grs(0)1,1(k, iωn) :
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, −Grs(0)−1,−1(k, iωn) :
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, −Grs1,1(k, iωn) :
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, −Grs−1,−1(k, iωn) :
r s
.
     	  	 
	
 	
    !	




#$  % 	%#! 	
  #
 	 		 
 	





(ek − μ0)b†r(k)br(k). ( )
*




 	 -./0 






γiωn − −1(ek − μ0) . (  )
	 
   % 	  	
  0 #  %% 1 %
"
(  )0 "  	     % 	   	

0 #  %% 1 %
" (   )
2


















 	 % 	%#	!
       	
     
 
    		
	  
    		
	  
     		
	  
    		
	  


























rs ζs′ , (−−1)Ncζ†r′V r
′s′
rs ζs′ , (−−1)N3/2c ζ†r′ζ†rV r
′s′
rs ζs′ .
  	 & # %
#%	 '$	 !			 	
$ 	 %
#%		
( ! 	  
%% )* +
& 		!  % 







(−−1)√Ncζ†r [−μδrs − ωL(Fz)rs], (−−1)[(μ0 − μ)δrs − ωL(Fz)rs].
  	 -# %
#%	  		
	. !		
& /" $ 	 0$12
	 $
(
 ) 3 	+ 		 4






σδ (k, iωn), ) +
	
   	 Σrsγδ 	 & 	 
$	 !		 % 	
$
!#
 		    	 
   $ $# 	
	
   	 
































































   	 
   
     ! "#   #  Πsrr′s′ $ %&
! ' ( )*  %%*    *   
#  )!)   	 ! "#  + ,-. / &
  
Dsrr′s′(k, iωn) = Π
sr







'      0   /*    1 !



















−Dsrr′s′ = −Πsrr′s′ + (−Πsrab)(−−1V bacd )(−Ddcr′s′)
 0  	 1 ! "#     &

2 " 〈ar(k)〉 = 0 (  & '    *
(1!  (!*  %% 3  %!*  (1!  %%*
 (!  2/ " +' (. 
      	
     
 
	 
	  〈ar(0)〉 = 0  
       
    
    	    !











    M   
	 $ Π(r)   
 Π(s)     % 
     "# 
 "# &	     	   
	   '

   	 
 		





0   
 	))  n = nc + nT nT   	 		
)) &	 %	*  $ 	
   "+ &

	 &  ,' (*&	    *- &
 !
〈bγr (0, 0)〉 = Σs0δ(0, 0)Gsrδγ(0, 0),  "+
 Σs0δ & 	  &	 & - *& 	- * * γ = 1
*& γ = −1 .*  ,' (*&	 




























rs ζs′(−Gsr(0)1,1) + ...
 /  % 	    	    


























		  		 	 	
	  		   
			 	
 











	  	 
 		  	





















			 		  	   		" 
 )%

			 	 	  
 " 		  	  	 
 

 			 			 	
 *	    +		%
 	
 	
	 	    	
   
   & 
 	%

" 	     			  	 		#    $	,
*	 	 " 		  		  	 

-.




	  	 	
 	
	  				
   
    		
  ! "# 	 !  	$	 $
 	"		
 %		& 	! "

 	'# 	%	 '# %
 	(    	% !
Σ̃rsαγ = 
−1[(μ0 − μ)δrs − ωL(Fz)rs + ncζ†r′V r
′s′
rs ζs′ + H
s′r′V r
′s′
rs ]δαγ , )*
Σ̃s01 = 



























 	 !  
 






* 	$ --	 .		 n′r  	#  --
/ n′r = H








	 		 	$	--  		 
			 	 	!	
		1+
































































 nc,0 = 0  
	




























































 Γ(s)  !(# λ = /
√
2MkBT  









































 '  ',
    
	*






















	  	  ζ2+ + ζ
2
− = 1  
































αiωn − −1ek .  





















 #  $)
  2%'
	 	 	0
  )	 
(	0 ) nc  3$	
3 (
4		(
  ) $+	   1
 $ *,- #


 μ, B, T () %






 $  
	  $		  )  $		  $
 	) 3$	
 )%
 5  $ !	(0 

 ζ− = 0 1	% $0 










1 T scalarc /Tc
1
   	




    !  ! 
 
   "# $  %
!   
&  !   	 
 
    




 	  
 
 












 ! % & !$ % % +%
& $ #%  )  * ζ− = 0 #% 
•   
,
	   
 
 %  %
- 	 ) .*  μ = cnn %
 !
$ #  




$ #%  !






























 	 ( !
$ #%  
#
 "  

&  &   

























 "     
# !% 	   
 




	  	 	


















    	 
      B/Bc(0) = 0, 0.3, 0.5, 0.7, 0.9
 
        !   	 

      T/Tc = 0, 0.3, 0.5, 0.7, 0.9  
 "
      !  

























3 2MkB)   
 B = 0 


     ! " φ− =
√









&   
'  $
% 	 	 	  







     $ 
 ( $)












    

!	
   $ , 
 -	 
 ,  + !#)
  
" nc,+ = nc    
$ 	!!
 	 % .  !	! $ $    $ % 
nc,+ = nc,0 = nc,−    / 
  












   		   			 	  			 				 
	
	   	
	!!   
 	"!!  			 		
#	  	 $ 
 			   %&  	 			  		

'#   			 
'' 			 
	 ( "
     	
		#	  			 
'' 		#	  )	*	 
 	$
			 	 		 
"  %& # #  ωL > csnc 		
 	 











 	" 			 








11 = cnn − μ + csm − ωL, . &20
Σ̃ 0 011 = Σ
0 0
11 = cnn − μ, . &2#0
Σ̃−−11 = Σ
−−
11 = cnn − μ − csm + ωL. . &20
	
 		#	  
'	  	-$  			  				
	  
	
	!!	   				 
	 	 
3	   				  '	 # 	"
  		 		
 
  	- 		
 #	 4'-	 
 	 		  

 	"!!  	
	!!   			 $










  5.#0 # $ $   %7 #  
 	"!! 		 
		  	   		    5.0 #  		 '#
 	  

 
	      - 	 	 
    		  		 




	  	 	
 	
   	 		     	  !
"#   	
  "	" $""  ! %  " 
"#" 		 "   	
 
"!     	 "# 
	 	 "& "#$ '  "  (	(   	


" )  *       	
! "#   	
  	%++"
$"" 
'  ! 
'  " 
























    ) '	++" $""    B/Bc(0) = 0.01, 0.2,
0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.8 
 ) "   #, 
# &(	
 	 "#
"& "  ) '	++" $""  "   T/Tc =
0.01, 0.2, 0.4, 0.6, 0.8, 0.9, 1.0, 1.2, 1.4, 1.8 
 )   #, 
# &(	






)	 	 	 "&	, 




 ( "# 





 /	$"$ 	  0$""(#
  "
  '"
 1		 (    	 "	!  %
 (	
 (
	"	 "'$ 	$" 
 	 ,  
2'  
   	
3  	




 nc,− = 0 1	 	  
! "# 	 "#
 # 	


























   	 
      B/Bc(0) = 0.01, 0.2, 0.4, 0.6,
0.8, 1.0, 1.2, 1.4, 1.8  
         
 	 
       T/Tc = 0.01, 0.2, 0.4, 0.6,
0.8, 0.9, 1.0, 1.2, 1.4, 1.8  
         
 
























 !  	 
      B/Bc(0) = 0.01, 0.2, 0.4, 0.6,
0.8, 1.0, 1.2, 1.4, 1.8  
         
 	 
       T/Tc = 0.01, 0.2, 0.4, 0.6,
0.8, 0.9, 1.0, 1.2, 1.4, 1.8  
         
 
"      #$%$ &%'  ($ nc,− = 0   %"
$ Σ+−αγ = Σ
−+
αγ = 0"   )*  +$&%& G++αγ " G−−αγ # 
  +$&% 




	  	 	
 	
 	 
	  G++αγ     
  !" #$%&'  %(   )	  * %+  φ−
	 	  G−−11  ( ,   '- %  .%/
 . 0
G−−11 (k, iωn) = [iωn − −1ek − Σ−−11 ]−1,   -1"
$ $%, $ Σ−−1−1 = 0  .%( %/ 	 
     -1" 
%/ / ./ %  %,  2  '*
'- %$     	$
, $ Σ−−11 (0, 0) = 0 
	 ωL, /  Bc = Bc(T ) .%  .%(  % 3
" %$
 
   T = 0 K   %    3 4$/
  %    % .%.  T → 0 $ )5, 1+ 6.
φs  $ 7,   Bc(T ) = Bc(0) − wT 1/φs  ( 	4
)8+ 9%   % x = T/[B −Bc(0)]φs %
,     % xc
 %  :  % %/ 	
G−−11 (0, 0) =
C(T )
|x − xc|γ T > 0,   -5"
=
Q
|B − Bc(0)|γ0 T = 0.
;$
, $ $  3 % ,  φs %  % 
	
% φ 3 7 %   , $ C(T ) ∼ T−γ0/φ" <.%(
  $ 7 φs = 2/3 	
	 	   -=" " 
  	  $ % % , $ 	/ 3
$/   $$%, $     ,  % 
    ! !"#$% &!' Σ−−1−1(! &)* !"" "!! "!*%"# !* +" % ,',-!.-! ".-(
$%#- %'%"&% )%*'%&% %&!" ! % ".-$%#- /!'!0 , !1 /+%"# +)!#& /% &2*
% , 1 /+%"#% -3/!4"!! r′ = s′ = −  % 5!"! $+* % Σ−−1−1 1!5!,-,! !"" "!! V −r−s








 	  	








	"  γ   γ0 
 # $% &!
G−−11 (k, iωn) = [iωn − −1(ek − 2csm + 2ωL]−1. ' %()
!! *  	  +, ' -%). ' --). ' - ). ' - !)/ γ = 2  γ0 = 1 ,,.
	!! C(T ) ∼ T−1 01"  η. η0. ν   ν0 
 	  
,	2
 
 		 : G−−11 (k, 0) ∼ k2−η, ' -3)
  
 	! : G−−11 (k, 0) ∼ k2−η0 ; ' -3!)
T > 0
 : ξ ∼ 1|x − xc|ν , ' -3)
T = 0
 : ξ ∼ 1|B − Bc(0)|ν0 , ' -3,)
	 ξ  	

 	 " 
 4! η = η0 = 0. ν = 1  ν0 = 1/2 
# 5 &"! 
 





 *     T > 0
 νz  T = 0  ν0z 	   
&
	 , 6 z  ,  	. 
 4! z = 2
7!! & 
  G−−11 (k, iωn) &". * "  iωn = 0. k = 0 
!
   *  
 !   Σ−−11 (0, 0) = 2(gμBB − csm)
#,	 T 
  μ  	   
 		








  ν = 1/2



























 → 	 	 	 T > 0 	
  		
 







 	  	 # T = 0 	
  		

	  	 
  !"		      !"		   
	 "	 χc = gμB/cs T > 0  




	  "  &	(   	




T > 0 	
,
  
Σ−−11 (0, 0) = 2(gμBB − csm) = −2
cs
cn + cs




T = 0 	
.
  
 	( &%	)  " *"
+	, 	  	  	
 	  [B −Bc(0)]/T = !	 > 0
	
	 %	 - .    	
 &
    %/& 	
  &	 	 "	 
  /		  	
 %/&  !& 
  . G−−11 (0, 0) ∼ T−ν0z ∼ T−1  !)  &	( 	% T  

 %	&&  	, T−
1
2       	 		)


	  [B − Bc(0)]/T = !	 = 0  %	' 
 G−−11 (0, 0) ∼ T−
3
2  . &
 %   





















 	   


 μ = cnn+ csm−ωL  
   n = nc +n′+ +n′0 +n′−   
 
m = nc + n
′
+ − n′−  !
 
"   	
	 #   





Σ̃ 0 0αγ = 
−1(μ0 − csm + ωL)δαγ ,  (
Σ̃−−αγ = 










+ +& )	 ,  " * 	  	$
 -(./  

  00	 )	 ,   
 ,  
,		% ))
 %	
 %  cs   + * -(/ 1$+
+& 	$    *	$





 	   " + -(/ 5	    
 	$ cn/cs →
∞ 6+   	 	$   













 			 	 	 		
7	$
 μ, B, T )	 -(./8 #    	$
  	"
*








   
: 
 " 
$	 	$ cs  
	+ #     +  	 "










11 = cnn − μ + csm + ωL, 
Σ̃ 0 011 = Σ
0 0
11 = cnn − μ, 
Σ̃−−11 = Σ
−−
11 = cnn − μ − csm + ωL. 
  
!"# !  
  $
  $% 
&'
"(
T̃ = γT )
B̃ = γB )













+,   T0 !%' 
'  $% '"*(
T = 1.425 T0. -
. /'/ & 0 $
/ '# ! n = n
(id)




















  234 
 / 55 / '
 # ' λ0  T0
!%' $ '/ !/
'! . $






























































 	   	 		 	   	   	
	   	   !" # $ 	   % "	 "




crit# 	 	  kBT0  	   kBT0/gμB "
'	 	%'	












 	" %	 	   !	 )' εn = 90  εs = 0.9
 
 	    	   	  !	 	 ,
  !"  -	$'	 	"    	 " %
'	 	   	  	 	  " 	% 




	  	 	










     			 	 (μ, B, T )  	 cn/|cs| ≈
151.5  
   	   	  
  	     !  "  Bc  " 
μc 	 #"" $	 	    	 !"% 	 " 	 	
#"	 "	 % 	" 	 ""	" "  " ""	
 	 #&&%  	  ' 	 "% (  "& )
	"	!"    $	"*   !(	!% (	 	 + 	 ,-
 ,- 	 
    	 	 #"  "#"  "& 
! % 	"  	 " "  "& 	"	!"   % (	 	
	 #" 	 	 ! "

 ""	" " 	 	 "	"(	* 	  			 	 (μ, B, T ) )
 ' "(	* 	   	 cn/|cs| ≈ 151.5  
  	"	!"
"& 	 . 		  	   	" "	"	 		 	  !
	 
  "+" " 	 /' #*% . 	   	" 		")
		 	 /' #* ! 	 
 (μ = 0, B = 0, T = 0)  	
,μ = μ(3), B = B(3), T = T (3)-   	     	" + ! 
 
 	""	" ""  	 ,μ = 0, B = 0, T = 0-  ,μ = μ(2), B = 0, T = T (2)-  "	"
(	  	""	" (	" 		 	 /' #* "& 	










   


  	  (μ(1), B = 0, T (1)) 
   ! μ > μ(1) 

  B = 0 " 
!    

  	 
 	
	 	


















    
 &






































 #      ! 




















P + Q + R + cs [(P + R)Q + 4PR]























P + R + cn [(P + R)Q + 4PR]










































, β[cnn − μ − (csm − gμBB)]
)
. ,.




	  	 	
































  	 


   
 ζ1 
 ζ2   
   







   "





$   % & '  

    #   n(μ) ( )*
 ) + B   
 # Bc  








   




- ) . 
 # !       )
 







 )(! # 
  
*
 +   /(  

   
 ζ1 

ζ2& 	 (  !0
 )  ζ1  
  ζ2*    
 % 
   0 
 	  
 
# ! !  
 )
 
 	  

    
 #   ζ2 

     




  ζ2 
  ((0  









+ ) 	 00 





!  )0 
  ) ) 







































		 n, T, B "#
	 

		 nc, m, μ#
   







   $%&




















  	"+++  










































 ++ " 
++ n = n
(id)































































n = α n1 + (1 − α)n2, 1// 2
 
	  α !	
	  	  






















m = α m1 + (1 − α)m2. 1//2
 /89 12 + 		  $%&
#

	  εn  	









	  	 	









 : m, εn = 90.0
 : m1, εn = 90.0
 : m2, εn = 90.0
+ : m, εn = 180.0
: m1, εn = 180.0
: m2, εn = 180.0










































  	  
 εn  	
	 εs = 0.9   
 	 	  n = n
(id)
crit 
! εn/εs = ∞
 





  	 kBT0/gμB  






  	( 
 (	  		 εn/εs = ∞ 
 T = Tc  $ 
  "	#  	% &#









+ εn/εs ' 
 
  	$ $ cn/cs'







   εn/εs → ∞ 		 
 	%	  
	
%  
 m − B "	
  	% 	$(# #$  -   $

! #
	"+ 	 	   Tc = 1.425 T0 	$$! (	  - $%

 ./  
% !	$! 
	 









!	)    	 

((  ' % ""( T/Tc 	  	! 
 






& " %!  	"+ 	 	   εn/εs → ∞






 	"+ 	 	 
  % 	$  (( !'   %( 
 	
 	  	"+$' 
 








& $ 		 





$ &$ 	' 
 cn 	"+   
 	"+
























































   			 	 εs > ε
(1)
s   ε
(1)





s > εs > ε
(3)
s   ε
(3)
s > εs 
    !"  "	  	 #$
%"&' "(    		) 
     	 
 "	 	 !"  "	" 		   
  "  "	 )		 	 "*"" %"+'
"( , 	 	 !" 	 "*""  		) 
 # T0 	
  kBT0/gμB * #
 
 cn/cs → ∞  	 "! $ 	"* 	 	  #
)	)  	     	 ! 		 "" 		 	+
"	  
 "! $  !#  	  $$
, -*" 	  .* !/  "* 	 	"" *  !"		
 		 , 

















 	  	  	   
     	  ! 
  
     
  "#$%& '(     	)

 * +!(  ,







   ( 
  345 +2 ! 	 "#6%&
7 ) 	  εs     
	
 -εs > ε
(1)
s ≈ 1.220
B = 0   		, 	 (  
 T = TM ),

	
  345 +2 )
	
 -TBEC0 & 5  +,
	 2  .&66&-0 	 εs = 1.4 
& +) (  
 
 (  B = 0 
 
&
* εs < ε
(1)
s  	   ( )	+
  B = 0, +  345
+2  	+& 7 -εs = ε
(1)
s  B = 0 T = TM 0     (
		(  !
 
	)  ! 2  )	+ 
 
( 	& 7 ( )	+
    ,
	 




  8& 7  (  	( 
  





  + εs,	& * B > Bc 	  (  

&   7 345 +2   +++  εs > ε
(2)
2 ≈ 0.78&
5  +	 2 εs = 0.9 
  .&66&-0 	&
* εs 
   ε
(2)
s  	  345 +2  )	+
 
B = 0,& 7 gμBB >> kBT0,	  	+	 8 +   ,2
	    345 +2 	2 ( )
	

32/3T0& 5  !     	(  
	 B
(1)
c   ,
    !" # #$ %   &$'(&)*& !(+# %'% !, - *& &  *&./0-




































































  		  
	

 	 		  
 
 
 	! cs "#
"
   !	 T0$ 




  %  ! 	 












   	 !	  
 
%  	 #%##
-#./ #, B
(1)




 "  εs > ε
(3)
s ≈ 0.62$ 
  # % B(1)c  
%# B(2)c
 	$ 
%     

0 / 
   
, 
 )*
	 εs = 0.72 
1
 εs ≤ ε(3)s $ 
#	 
  	0  	 
%




)* 	  
, εs = 0.6 




 		  
	
 
 T $ B
 εs "#, 	2 /  
, 
  	   &  
 #%##$ 

 	# %	# 
 !	 -#./ #,  	# %	#
&   














0  !	 % #	 

-#/ #, #%## "$ 
#	 
 "#  & 3#
 
 
















	  	 	
	
   	 	
 
   εs > ε
(1)
s   

 B = 0 	 
      







'&%	 	 	 
  B = 0 (    	  

!"
	  ! 
! ) *+   ,- 

 	 )  +  "	
	  !"	 !   	#		
$  	  





 !  . 	 	
 

 !"  
-	 $  	 		 !$    	 
"
 / εs < ε
(1)














-	 3  4   * 	( ,$ !" !" 
!  
	 	33  μ  εs 




-	 	$ !" ! 	3
3 $ . 	
 

	   	 #
6
μ = (cnn + csm) − gμBB. 072





1	$  !  cs
 





 $  


















 		    	 	  				 
 ! 	 "#$   !%& ' 	 !		 	!	  	 	!
 ( %
   )%!  *		 	%	 +  "#,$















 ζ±  %		 '		0    -!  	 ' )	  '-0
)-	 1 			 2) 
!	 % 
		3   )!%!
)		0   )    ' #( !	 / 	)3
4#













G++1,1 G++1,−1 G+−1,1 G+−1,−1
G++−1,1 G++−1,−1 G+−−1,1 G+−−1,−1
G−+1,1 G−+1,−1 G−−1,1 G−−1,−1































& ' !! ( )!*	+! , +! -
	 3 × 4 
! 	































   
 
G(n) = G(0)(n) + G(0)(n)Σ(n)G(n)  







$		 #" % 















 -  	

























   
	   !
" #










 '	  
(  (
 (' 	 " 

 )* !














! G̃rsαγ   * 		 ' ( 	



















  	 	 	  
  ! " #
$% 	 "  && 	 	$ 	$ 	'$'  	!
  && 	 $(	  $'	 $ &'#'	 
$  $'	 $  &'#'	 "'' 	 $ ("	&&
 $! ' $$ "' ('	($ $$$! ) && 	
$ $'	 	'$$ " 	 $

 $) 	#'$ 	  $	  *
+ 	
  '",	
$$$ 	'$$ 	' -+ $) 	#'$  '	!  ' 
 	 "'  #$ "$
  "$ ',		
 $)$ 	$ %! '  	 $
  $&' 	 	)
. 	 '  $$ && 	 	'$' '$

  	
	    
/ $ ($ $) 	#'$  + 
 0	 	 *  '
























































































































cn + cs cn cn − cs 0 0
cn cn cn 0 0
cn − cs cn cn + cs 0 0
0 0 0 0 0




















































































cs cs 0 0
cs cs 0 0
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C(2) = 2 cs ξ+ ◦ ξ+ + 2 cs ξ− ◦ ξ−. "
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DQ−Q = 4 ξQD
(1)ξ−Q, 	
D−Q−Q = 4 ξ−QD
(1)ξ−Q, 	




D+− = 4 ξ+D
(2)ξ−, 	
D−− = 4 ξ−D
(2)ξ−. 	






Dnn = Πnn + cnΠnnDnn + csΠnzDnz, 	
Dnz = Πnz + cnΠnnDnz + csΠnzDzz, 	
Dzz = Πzz + cnΠnzDnz + csΠzzDzz, 	
DnQ = ΠnQ + cnΠnnDnQ + csΠnzDzQ, ()	
DzQ = ΠzQ + cnΠnzDnQ + csΠzzDzQ, ()	





Dn−Q = Πn−Q + cnΠnnDn−Q + csΠnzDz−Q, 	
Dz−Q = Πz−Q + cnΠnzDn−Q + csΠzzDz−Q. 
	
       !
DQQ = ΠQQ + cnΠnQDnQ + csΠzQDzQ, 	
DQ−Q = ΠQ−Q + cnΠnQDn−Q + csΠzQDz−Q, 
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Dnn = 
Πnn − cs (ΠnnΠzz − Π2nz)








Πzz − cn (ΠzzΠnn − Π2nz)
(1 − cnΠnn) (1 − csΠzz) − cncsΠ2nz
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ΠnQ − cs (ΠnQΠzz − ΠnzΠzQ)
(1 − cnΠnn) (1 − csΠzz) − cncsΠ2nz
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DzQ = 
ΠzQ − cn (ΠzQΠnn − ΠnzΠnQ)
(1 − cnΠnn) (1 − csΠzz) − cncsΠ2nz
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Dn−Q = 
Πn−Q − cs (Πn−QΠzz − ΠnzΠz−Q)




Πz−Q − cn (Πz−QΠnn − ΠnzΠn−Q)













)− ΠnQ (ΠzzΠnQ − ΠnzΠzQ)
−ΠzQ (ΠnnΠzQ − ΠnzΠnQ)]} /
[
(1 − cnΠnn) (1 − csΠzz) − cncsΠ2nz
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)− ΠnQ (ΠzzΠn−Q − ΠnzΠz−Q)
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)− Πn−Q (ΠzzΠn−Q − ΠnzΠz−Q)
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C(2) = 2 cs χ+ ◦ χ+. !
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DnQ = 0, 
DzQ = 0, 
Dn−Q = 0,  
Dz−Q = 0, 




DQ−Q = 0, !
D−Q−Q = 4 χ−QD
(5)χ−Q, 




D+− = 0, 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Dnn = Πnn + cnΠnnDnn + csΠnzDnz, &

Dnz = Πnz + cnΠnnDnz + csΠnzDzz, &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DQQ = ΠQQ, 
D−Q−Q = Π−Q−Q. 	
	     	! "#$
Dnn = 
Πnn − cs (ΠnnΠzz − Π2nz)
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Dzz = 
Πzz − cn (ΠzzΠnn − Π2nz)
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P = −Π++++(k → 0, 0), .
Q = −Π0000(k → 0, 0), .
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(P + R)Q + 4PR
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δn(k, ω) = −1

Dnn(k, ω)δμ(k, ω)− gμB

Dnz(k, ω)δB(k, ω), ())/*
δm(k, ω) = −1

Dzn(k, ω)δμ(k, ω)− gμB

Dzz(k, ω)δB(k, ω). ())/*
# ())/* 3
δμ(k, ω) = −gμB Dnz(k, ω)
Dnn(k, ω)
δB(k, ω) −  δn(k, ω)
Dnn(k, ω)
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D(n)zz (k, ω) =
Dnn(k, ω)Dzz(k, ω) − Dnz(k, ω)Dzn(k, ω)
Dnn(k, ω)
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c − ΠbacdV srab . #$%&'
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c − ΠbacdV (r)srab , #$%$'
ε(r)n = 1(n) − Π(r)(n)C(n), #$%$'
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αiωn − −1ek . #$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Π(n) = Π0 1
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C(r)n + C(r)s C(r)n C(r)n − C(r)s 0 0
C(r)n C(r)n C(r)n 0 0
C(r)n − C(r)s C(r)n C(r)n + C(r)s 0 0
0 0 0 0 0










C(r)s C(r)s 0 0
C(r)s C(r)s 0 0
0 0 C(r)s C(r)s

















1 − 2csΠ0(k, iωn) . 	
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(C(r)n +C(r)s )ncζ2+ (C(r)n −C(r)s )ncζ+ζ− (C(r)n +C(r)s )ncζ2+ (C(r)n −C(r)s )ncζ+ζ−
(C(r)n −C(r)s )ncζ+ζ− (C(r)n +C(r)s )ncζ2− (C(r)n −C(r)s )ncζ+ζ− (C(r)n +C(r)s )ncζ2−
(C(r)n +C(r)s )ncζ2+ (C(r)n −C(r)s )ncζ+ζ− (C(r)n +C(r)s )ncζ2+ (C(r)n −C(r)s )ncζ+ζ−










⎣ C(r)s nc 2C(r)s ncζ+ζ−
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A1(k,iωn,ωL) C1(k,iωn,ωL) B1(k,iωn,ωL) D1(k,iωn,ωL)
C1(k,iωn,ωL) A1(k,−iωn,ωL) D1(k,iωn,ωL) B1(k,iωn,ωL)
B1(k,iωn,ωL) D1(k,iωn,ωL) A1(k,iωn,−ωL) C1(k,iωn,−ωL)













A1(k, iωn, ωL) = (1 − 2csΠ0)(1 − 3cnΠ0)(iωn)3
+−1
[
ek(1 − 2csΠ0)(1 − 3cnΠ0) + 1
2


















e3k(1 − 2csΠ0)(1 − 3cnΠ0) +
1
2






























C1(k, iωn, ωL) = −1
2
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2 (−(iωn)2 + −2e2k) ,
Δ(1)(k, iωn) = [(iωn)
2 − e2k]2(1 − 2csΠ0)(1 − 3cnΠ0)














⎣ A2(k, iωn, ωL) B2(k, iωn, ωL)












A2(k, iωn, ωL) = (iωn + 
−1ek)(1 − 2csΠ0)2 + −1csnc(1 − 2csΠ0),









Δ(2)(k, iωn) = [(iωn)
2 − −2e2k](1 − 2csΠ0)2 − 2−2ekcsnc(1 − 2csΠ0) − ω2L. 	
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++ − Π(s)−−−− , 	)





































ΠQQ = 4Π0 + 4Π
(s)−+
+− , 	
ΠQ−Q = 0, 	
Π−Q−Q = 4Π0 + 4Π
(s)+−
−+ , 	#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Dnn(k, iωn) = 
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Dzz(k, iωn) = 
{


































Dn−Q(k, iωn) = DnQ(k,−iωn), 
Dz−Q(k, iωn) = DzQ(k,−iωn), 
D++(k, iωn) = 2nc
{


















D−−(k, iωn) = D++(k,−iωn), "





DQQ(k, iωn) = 4Π
−+
+− + 4[(iωn)
2 − −2e2k]2[cn(Π(s)+++− + Π(s)−−+− )2
+cs(Π
(s)++
















DQ−Q(k, iωn) = 4[(iωn)2 − −2e2k]2[cn(Π(s)+++− + Π(s)−−+− )2
+cs(Π
(s)++
+− − Π(s)−−+− )2(1 − cnΠ0) − 8cncsΠ0(Π(s)+++− Π(s)−−+− )
−4cncs(Π(s)−−−− Π(s)+++− Π(s)−−+− + Π(s)++++ Π(s)−−+− Π(s)+++− )]/Δ(1), 
	
D−Q−Q(k, iωn) = DQQ(k, iωn). 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Δ(1) = detε(1)[(iωn)
2 − −2e2k]2, 	
Δ(2) = detε(2)[(iωn)
2 − −2e2k], 	
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Σ̃++αγ = 
−1μ0δαγ ,  !" 	#
Σ̃ 0 0αγ = 
−1(μ0 − csm + ωL)δαγ ,  !" #
Σ̃−−αγ = 
−1(μ0 − 2csm + 2ωL)δαγ .  !" $#
% 	  &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G̃++αγ (k, iωn) =
1
αiωn − −1ek ,  !")	#
G̃ 0 0αγ (k, iωn) =
1
αiωn − −1(ek − csm + ωL) ,  !")#
G̃−−αγ (k, iωn) =
1
αiωn − −1(ek − 2csm + 2ωL) .  !")$#
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+− = 0,  


detε(r)(1) = (1 − cnΠ(r)nn)(1 − csΠ(r)zz ) − cncsΠ(r)nz
2
,  
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γδ = 0, 
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⎣ [iωn + −1ek]detε(r)(1) + −1ρnc −−1ρnc



























2 − −2e2k]detε(r)(1) − 2−2ekρnc, +
Δ(2) = [(iωn) − −1(ek − csm + ωL)]detε(r)(2) − −1csnc, 
Δ(3) = [−(iωn) − −1(ek − csm + ωL)]detε(r)(3) − −1csnc, ,
(
#












































































−iωn − −1(ek − 2csm + 2ωL) . % 
! '	  	
 $





++ )[1 − cs(Π(r)0000 + 4Π(r)−−−− )] + Π(r)0000 + Π(r)−−−− (1 − csΠ(r)0000 )
detε(1)
%(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D−−(k, iωn) = D++(k,−iωn) 	





D−Q−Q(k, iωn) = DQQ(k,−iωn), 	

detε(1) = (1 − cnΠnn)(1 − csΠzz) − cncsΠnz2, 	
detε(2) = 1 − cs
2
Π++, 	
detε(3) = 1 − cs
2
Π−−. 	
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Δ(1) = [(iωn)
2 − −2e2k]detε(1),  $	
Δ(2) = [(iωn) − −1(ek − csm + ωL)]detε(2),  %	
Δ(3) = [−(iωn) − −1(ek − csm + ωL)]]detε(3),  &	
"  G
(3)
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Ω2 − 1 , -../
|cn,s|Π(s) 0++ 0 (k, ω) =
γ0
(kλ)2(Ω − 1) − γ̃ , -../
|cn,s|Π(s)−++− (k, ω) =
γ0
(kλ)2(Ω − 1) − 2γ̃ . -..#/
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+ a0 + O((kλ)2) 	 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|cs|(Π(r)0++0 + Π(r)−00− ) =
C− − C+
γ̃ − a−2 +
[
2γ0 + C+ + C−
(γ̃ − a−2)2 +
a0






























































































γ̃ = γ0 + C+ − C− + b, 	
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(1 − cnΠnn)(1 − csΠzz) − cncsΠ2nz = 0. 1	
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a2−1 = 0. 
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−1 = 0 	
  )	 #
* &  %	&' 	
 #
+&  &





	 a−1 = a
(0)
−1 + α  	 
    
	 α  	! "  
#
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2)c4n + (10 − 8
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P + Q + R + cs [Q(P + R) + 4PR] + i [p + q + r
−cs(Q(p + r)+ q(P + R) + 4(Pr + pR))] (Ωkλ) + cs [q(p + r) + 4pr] (Ωkλ)2 = 0,
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ω = −i λ
β
P + Q + R + cs [Q(P + R) + 4PR]
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+ a0 + O((kλ)2)  .!






|cn,s|Π(s)0++0 (k, ω) =
γ0
(kλ)2(Ω − 1) − γ̃ = −
γ0
γ̃ − a−2 +
γ0(1 − a0)
(γ̃ − a−2)2 + O((kλ)
4).  +!





1−γ0 − C− + C+
γ̃ − a−2 +
[
(1 − a0)γ0 + 2C0 + C+ + C− + a0(C− − C+)
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a−2 : 1 − γ0 − C− + C+
γ̃ − a−2 = 0, 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a−2 = γ̃ − (γ0 + C+ − C−) = b, 
a0 =
(γ0 + C+ − C−)(2C0 + C+ + C− + γ0) − D+ + D−
(γ0 + C+ − C−)2 . 
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Σ̃rsαγ = 
−1[(μ0 − μ)δrs − ωL(Fz)rs + ncζ†r′V r
′s′
rs ζs′]δαγ ,  "23 
Σ̃s01 = 
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αiωn − −1ek . %&-'
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(cn−cs)ncζ+ζ− (cn−cs)ncζ+ζ− (cn+cs)ncζ2− (cn+cs)ncζ2−


























A1(k,iωn,ωL) C1(k,iωn,ωL) B1(k,iωn,ωL) D1(k,iωn,ωL)
C1(k,iωn,ωL) A1(k,−iωn,ωL) D1(k,iωn,ωL) B1(k,iωn,ωL)
B1(k,iωn,ωL) D1(k,iωn,ωL) A1(k,iωn,−ωL) C1(k,iωn,−ωL)


































































C1(k, iωn, ωL) = −1
2
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⎣ A2(k, iωn, ωL) B2(k, iωn, ωL)







A2(k, iωn, ωL) = iωn + 
−1(ek + csnc),








Δ(2)(k, iωn) = (iωn)
2 − −2 [e2k + 2ekcsnc + (ωL)2] . 	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Dn−Q(k, iωn) = DnQ(k,−iωn), &	
Dz−Q(k, iωn) = DzQ(k,−iωn), 	
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[−csnc(iωn)2 + −2cnncek(ek + 2csnc)]
Δ(1)
, 	
D−Q−Q(k, iωn) = DQQ(k,−iωn), 
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D−−(k, iωn) = D++(k,−iωn). 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−1(μ0 − csnc + ωL)δαγ ,  ((
Σ̃−−αγ = 
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G̃++αγ (k, iωn) =
1
αiωn − −1ek ,   
G̃00αγ(k, iωn) =
1
αiωn − −1(ek − csnc + ωL) ,   
G̃−−αγ (k, iωn) =
1
αiωn − −1(ek − 2csnc + 2ωL) .   
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−iωn − −1(ek − 2csnc + 2ωL) .  '	
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Dnn(k, iωn) = Dnz(k, iωn) = Dzz(k, iωn) =
2−1eknc






(iωn) − −1(ek + ωL) ,  	




(iωn) − −1(ek − 2csnc + 2ωL) ,  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√√√√√e2k + ek(cn + cs)nc + eknc
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